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We studied the feasibility of a novel approach to localize breast cancer susceptibility genes, using a low-density genome-
wide panel of single-nucleotide polymorphisms and taking advantage of large regions of linkage disequilibrium (LD)
flanking Jewish disease genes in high-risk cases. With Affymetrix GeneChip arrays, we genotyped 8,576 polymorphisms in
three sets of Ashkenazi Jewish breast cancer cases: a ‘‘validation’’ set of 27 breast cancer cases, all of whom carried the
BRCA2*6174delT founder mutation; a ‘‘field’’ set of 19 breast cancer cases from male breast cancer kindreds, which
simulated conditions for finding new genes; and a ‘‘test’’ set of 57 probands from breast cancer kindreds (4 or more cases/
kindred), in which mutations in BRCA1 and BRCA2 had been excluded. To identify associations, we compared the
frequency of genotypes and haplotypes in cases vs. controls by the Fisher’s exact test and a maximum likelihood ratio test.
In the ‘‘validation’’ set, we demonstrated the presence of a region of linkage disequilibrium on BRCA2*6174delT
chromosomes that spanned over 5 million bases. In the ‘‘field’’ set, we showed that this large region of linkage
disequilibrium flanking BRCA2 was detectable despite the presence of heterogeneity in the sample set. Finally, in the ‘‘test’’
set, at least three regions of interest emerged that could contain novel breast cancer genes, one of which had been identified
previously by linkage analysis. While these results demonstrate the feasibility of genome-wide association strategies,
further application of this approach will critically depend on optimizing the density and distribution of SNPs and the size
and type of study design. Genet. Epidemiol. 30:48–61, 2006. r 2005 Wiley-Liss, Inc.
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INTRODUCTION

Five percent to 15% of incident breast cancer
cases are thought to result from autosomal-
dominant cancer susceptibility genes [Colditz

et al., 1993; Slattery and Kerber, 1993; Claus
et al., 1996]. However, only approximately half
of hereditary breast cancer cases are the result of
known disease-causing mutations in BRCA1,
BRCA2, or other identified cancer susceptibility
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genes [Couch and Weber, 2002]. For example, in a
set of families studied by the Breast Cancer
Linkage Consortium, only 41% of 83 families with
4 or 5 cases of female breast cancer demonstrated
linkage to either BRCA1 or BRCA2 [Ford et al.,
1998]. However, attempts to utilize linkage to
localize other genes associated with an inherited
predisposition to cancer have been hampered by
genetic heterogeneity, decreased penetrance, and
chance clustering [Thompson et al., 2002]. Illus-
trating these problems, loci identified by linkage
on chromosomes 8 and 13 [Kerangueven et al.,
1995; Seitz et al., 1997; Kainu et al., 2000] were not
confirmed in analyses in other studies [Rahman
et al., 2000; Thompson et al., 2002].

An alternative to linkage analysis for localiza-
tion of cancer susceptibility genes is genetic
association [Botstein and Risch, 2003; Schaid,
2004]. Because power for both linkage and
association methods is weakened by genetic
heterogeneity, we investigated the study of the
Ashkenazi Jewish population, which is a geneti-
cally isolated population that was established
from a relatively small number of founders. In a
genetically isolated population, genetic drift will
have reduced the number of disease-causing
mutations segregating in the population; conse-
quently, each founder mutation is present in
linkage disequilibrium (LD) with a segment of
the surrounding chromosome that contains a
particular linear combination of alleles at the
flanking loci [Shifman and Darvasi, 2001], referred
to as a founder haplotype. Thus, a plausible
strategy to localize new disease genes is to
perform a case-control study in a genetically
isolated population, testing for regions of the
genome in which one specific founder haplotype
is significantly more frequent in cancer cases than
in controls.

For the identification of novel cancer genes, the
Ashkenazi Jewish population is ideal. The limited
number of founder individuals who established
the population, population identity, and the large
size of the present-day population combine to
make possible the study of large numbers of
persons with specific cancers. In addition, the size
of the founder haplotypes surrounding the dis-
ease-causing mutations in the Ashkenazim (e.g.,
in Jewish hereditary nonpolyposis colorectal
cancer, HNPCC) is often large, on the order of
1–10 million base pairs (Mbs) [Mitra et al., 2004].
In hereditary breast cancer syndrome, two Ash-
kenazi founder mutations BRCA1�187delAG and
BRCA2�6174delT are each present in approxi-

mately 1% of Ashkenazi Jews, but they are present
at increased frequencies in early-onset Ashkenazi
Jewish breast cancer cases and in Ashkenazi
Jewish breast cancer families [Neuhausen et al.,
1996a; Offit et al., 1996]. Testing for the three
founder mutations (including BRCA1�5183insC)
captures 495% of carriers with BRCA1 or BRCA2
mutations in the Ashkenazi population [Frank
et al., 2002; Kauff et al., 2002; Phelan et al., 2002].
In persons who carry these ancient mutations, a
region of 1–3 Mbs that flank each of these
mutations is identical by descent from a founder
individual [Neuhausen et al., 1996b, 1998]. Be-
cause the size of the founder haplotypes flanking
disease genes is large in the Ashkenazi popula-
tion, we reasoned that we could use a panel of
single-nucleotide polymorphisms (SNPs), distrib-
uted evenly but at a low density across the
genome (on the order of 1 SNP per 0.4 Mb),
to identify these founder haplotypes in breast
cancer cases.

An enhancement in our study design involves
the use of ‘‘enriched’’ breast cancer cases selected
from families that contain multiple affected
persons. The power of association studies can be
significantly increased by the selection of cases
from families with a history of breast cancer
[Houlston and Peto, 2003]. For example, assuming
two controls for each case, a dominant allele with
a relative risk of 2, and an allele frequency in the
population under study of 2%, 1,200 unselected
cases would be needed to detect the association
with 95% power at an alpha of 0.01, whereas only
350 cases would be needed if the cases had been
selected from families with two first-degree
relatives affected with breast cancer [Houlston
and Peto, 2004]. An example of this selection
effect is provided by recent analyses of the CHK2
mutation 1100delC in breast cancer. This mutation
is only slightly increased in frequency in unse-
lected breast cancer cases in comparison to
healthy population controls, but it is greatly
increased among familial cases not carrying a
BRCA1 or BRCA2 mutation [Meijers-Heijboer
et al., 2002]. A CHK2 mutation specific to the
Ashkenazi Jewish population was recently de-
scribed [Shaag et al., 2005], and we investigated
whether or not an association could be detected in
our case series between the region that contains
CHK2 and breast cancer.

To test the feasibility of genome-wide SNP LD
mapping using a low-density SNP panel, we
studied the pattern of LD in a set of 27 breast
cancer cases that carried the BRCA2�6174delT
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mutation, and then tested the utility of the method
in a clinical ascertainment of 19 cases enriched for
BRCA2 mutation carriers. Based on these results,
we applied an association method to a set of 57
cases from kindreds containing four or more
breast cancers but lacking a mutation in BRCA1
or BRCA2. While demonstrating significant lim-
itations due to statistical power resulting from low
SNP density and sample size, these results suggest
that genome-wide SNP LD mapping in enriched
cases from a genetic founder population is a
promising approach to the identification of novel
breast cancer susceptibility genes.

MATERIALS AND METHODS

HUMAN SUBJECTS

All probands were drawn from kindreds ascer-
tained over a 9-year period (1994–2004) in the
Clinical Genetics Service at Memorial Sloan
Kettering Cancer Center (New York, NY). Three
ascertainment sets were assembled for this study
(Table I). The first consisted of 27 Jewish females
with breast cancer who were carriers of the
BRCA2�6174delT mutation (the ‘‘validation’’ set).
This sample set was tested to ensure that the SNP
set in use was sufficiently informative, and to gain
insight into the strength and extent of linkage
disequilibrium around BRCA2. To simulate gene
discovery conditions that would operate if we
were blinded as to genotype, we next selected
Jewish probands (n 5 19) from all available
kindreds with two or more breast cancers, one of
which occurred in a male breast cancer patient
(the ‘‘field’’ set). This ascertainment was chosen
because it is known that breast cancer families
sampled through families with male breast cancer
cases are enriched for mutations in BRCA2

[Stratton et al., 1994; Wooster et al., 1996]. To test
the application of the association method to find
new genes, we ascertained a third group of Jewish
probands (n 5 45) from kindreds with four or
more breast cancers in first- and second-degree
relatives (the ‘‘test’’ set). To increase the power of
the ‘‘test’’ set, an additional 12 probands who
came from families that met the ‘‘test’’ set criteria
were ascertained through the University of Tor-
onto for a total of 57 cases. The cases in the ‘‘test’’
set had either undergone sequencing of the entire
open reading frame of BRCA1 and BRCA2
(n 5 19), or were tested for the Ashkenazi Jewish
founder mutations only (n 5 38). Because testing
for the Ashkenazi founder mutations captures
495% of carriers with BRCA mutations in this
population [Frank et al., 2002; Kauff et al., 2002;
Phelan et al., 2002], undetected mutations in
this set of cases should be infrequent. The New
York cases were further tested for possible
deletions in BRCA1 and BRCA2 by the semiquan-
titative multiplex polyermase chain reaction
method [Charbonnier et al., 2000], and none were
detected. All cases provided written informed
consent for the use of their DNA for research
into the genetic causes of breast cancer. For the
control group, 23 DNA samples from Ashkenazi
persons were purchased from the National
Laboratory for the Genetics of Israeli Populations
at Tel-Aviv University (Tel-Aviv, Israel), and
another 40 DNA samples from healthy Ashkenazi
Jews were chosen at random from a group of over
2,000 cancer-free persons aged 18–60 years,
ascertained through the New York Cancer Project
[Gruber et al., 2002]. These 63 controls were
employed for all three comparisons with breast
cancer case groups. The median ages and age
ranges of cases and controls used in this study are
shown in Table I, along with the mean numbers of

TABLE I. Mean age, age range, and number of affected relatives in subject population

Cases N
Mean age
(median) Age range

Mean (median) number of relatives with breast cancer

Female Male Total

Validation seta 27 51.4 (48) 36–90 1.8 (2) 0.3 (0) 2.1 (2)
Field setb 19 51.5 (50) 38–68 2.3 (2) 0.7 (1) 2.9 (3)
Test setc 57 49.2 (48) 31–71 3.8 (4) 0.0 (0) 3.8 (4)
Controls
Healthy 63 49.4 (49) 30–82 Not known

aFifteen cases were affected carriers, and 12 cases were unaffected carriers. For age calculation, age of diagnosis was used for affected
carriers, and age at which specimen was taken was used for unaffected carriers. Family history information was unavailable for
five patients.
b‘‘Field’’ set contained five cases that were included in ‘‘validation’’ set.
cInformation on age of diagnosis and on number of affected relatives was unavailable for four patients.
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female and male relatives with breast cancer in
the cases.

GENOTYPING

DNA samples were prepared from blood as
previously described [Peterlongo et al., 2003].
Genotyping was carried out using Affymetrix
GeneChip 10K Human Mapping Arrays [Kennedy
et al., 2003; Matsuzaki et al., 2004]. Briefly, the
method consisted of a one-primer amplification
assay performed on genomic DNA in which
sequence complexity had been reduced by restric-
tion enzyme digestion with XbaI. Allele-specific
hybridization of the amplified probe was then
performed on oligonucleotides on the array.
Because two different chip arrays were used in
these experiments (the early-access 10K array and
the 10K array), the loci included in the statistical
analysis were constituted from the intersection of
the two sets of loci successfully genotyped (8,576
total SNP, not including 128 SNPs on the X
chromosome). The overall genotyping failure rate
in the 161 DNA samples genotyped by this
method was 8.6%. The genotyping error rate was
estimated to be less than 0.02% (no genotype
discrepancies in 5,166 tests at 63 duplicate loci

included on the genotyping chips). The mean and
median distances between the loci genotyped in
these experiments were 384 kb and 192 kb, respec-
tively (Table II). The mean heterozygosity for the
161 Jewish persons tested was 33% (median, 27%).

STATISTICAL ANALYSIS

Two-sided Fisher’s exact tests were used to
compare the single SNP genotype frequencies
between cases and controls. For haplotype ana-
lyses, we ordered all loci by chromosome position,
from the telomere of the p arm to the telomere of
the q arm for each chromosome in turn, and
applied a sliding window consisting of n loci,
where n was a number from 2–12 that we moved
down the chromosome one locus at a time [Fallin
et al., 2001]. In the estimation of haplotype
frequencies, we included samples in which geno-
type data were missing according to the following
scheme: for n 5 3 or 4, we excluded samples with
missing data at two or more loci; for n 5 5 or 6, we
excluded samples with missing data at three
or more loci; for n 5 7 or 8, we excluded samples
with missing data at four or more loci; for n 4 8,
we excluded samples with missing data at five or
more loci. Using multiple imputation for any
remaining missing data, we assigned the most
likely haplotypes to each individual, using the
expectation-maximization (EM) algorithm [Excof-
fier and Slatkin, 1995]. From there, we compared
estimated haplotype frequencies between cases
and controls as described below. Because we
selected cases from a genetically isolated popula-
tion, we assumed that in some or all cases, a single
founder haplotype is present that is associated
with the disease. Consequently, for each group
of adjacent loci, we identified the haplotype that
obtained the minimum P-value.

To calculate P-values, a maximum likelihood
ratio test was performed as described by the SAS
Institute, Inc. [2002]. For a given group of adjacent
loci, the chi-square statistic of each haplotype was
calculated, and the smallest P-value along with
the corresponding haplotype was recorded. Simu-
lation P-values were calculated from empirical
null distributions based on at least 10,000 permu-
tations. A haplotype frequency cutoff of 0.005
was used for all analyses.

To adjust P-values produced by Fisher’s exact
test for multiple testing, we used the correction of
Benjamini and Hochberg [1995]. To adjust the
P-values produced in haplotype analyses, we used
a permutation procedure to simulate P-values

TABLE II. Mean and median distances in kilobases
between SNPs

Chromosome Mean Median

1 369 188
2 324 157
3 314 155
4 321 183
5 296 151
6 274 146
7 349 173
8 319 144
9 308 1,378

10 280 143
11 272 117
12 328 140
13 252 134
14 270 140
15 325 175
16 427 175
17 533 271
18 314 145
19 723 328
20 371 189
21 226 117
22 552 276
X 1,078 625
Total 384 192

51Localizing Breast Cancer Susceptibility Loci

Genet. Epidemiol. DOI 10.1002/gepi



[Zhao et al., 2000]. Disease status (cases vs. controls)
was randomly permuted among the persons tested,
keeping their SNP genotypes unaltered; the lowest
simulation P-value was calculated for each of
10,000 permutations for the data set for several
selected window sizes, and from this distribution
we estimated the P-value that corresponded to the
conventional 5% threshold. All SNPs were sub-
jected to a Hardy-Weinberg equilibrium test in the
control group, using Fisher’s exact test.

RESULTS

MAPPING IN THE ‘‘VALIDATION’’ SET:
LINKAGE DISEQUILIBRIUM IN THE
BRCA2 REGION

In order to evaluate the strength and extent of
LD in the region of BRCA2 in carriers of the
BRCA2�6174delT mutation, the 8,576 SNPs were
analyzed in 27 unrelated mutation carriers and 63
healthy Ashkenazi Jews as controls. Performing
Fisher’s exact test of the three genotypes at each
individual SNP locus, we observed two loci
(TSC1378449 and TSC599767) on chromosome 13
in the region that contains BRCA2 that displayed
unadjusted P-values of 1.7� 10�9 and 5.0� 10�5,
respectively (Fig. 1A). Because multiple tests were
performed, we adjusted the P-values with the
correction of Benjamini and Hochberg [1995]
(Fig. 1B). The P-values obtained at both
TSC1378449 and TSC599767 were significant after
adjustment (3.5� 10�7 and 1.0� 10�2, respec-
tively), and only one other P-value obtained in
the analysis was smaller than the conventional
Po0.05 cutoff (TSC1136736 on chromosome 2
had a P-value of 0.05). The SNPs TSC1378449 and
TSC599767 (2.78 Mbs apart) were particularly
informative due to the fact that the BRCA2�
6174delT mutation was associated with alleles that
were present at low frequencies in controls (0.09
and 0.07, respectively). We noted that TSC1378449
and TSC599767 are separated by 17 SNPs, and a
significant adjusted P-value was not obtained at
any of the 17 intervening SNPs.

We next estimated haplotype frequencies for a
sliding window of n loci (n 5 2–12) using the EM
algorithm, and calculated P-values associated
with each haplotype by the maximum likelihood
ratio test (Fig. 1C). Minimum P-values less than
1�10�8 were obtained in the BRCA2 region for 10
of 11 window sizes. Other than the P-values in the
BRCA2 region, no other P-values in the analysis
were smaller than 1�10�5. Taking into account

multiple testing, we estimated by permutation
analysis, using a window size of 8 consecutive
loci, that a P-value less than 6� 10�6 would fall
below the 5th percentile of P-values. (We noted
that this correction was similar to using the
Bonferroni correction.) Consequently, in the
known mutation carriers, the P-values obtained
in the region containing BRCA2 were highly
significant, and no other P-values in the analysis
achieved significance.

In haplotype analyses, the smallest P-values
were obtained for haplotypes that included the
TSC1378449 and TSC599767 loci (Fig. 2), indicat-
ing that the power of haplotype analyses was also
driven by the allele frequencies of the loci tested.
In the haplotype analysis, a series of overlapping
segments in LD with BRCA2 was identified
spanning a 10-Mb region and containing 48 SNPs
(Fig. 2). Most chromosomes (25/27) shared alleles
in a 1-Mb region flanking BCRA2. On the proximal
side of BRCA2, breaks in the founder haplotype
were identified on 8 chromosomes in the first Mb
proximal to BRCA2, 9 in the second, 7 in the third,
and 2 in the fourth. On the distal side, breaks were
identified on 6 chromosomes in the first Mb distal
to BRCA2, 1 in the second, 3 in the third, 9 in the
fourth, and 8 in the fifth. The average extent of the
shared region on BRCA2�6174delT chromosomes
was 5.6 Mbs. The broad extent of allele-sharing
in the BRCA2 region reflects the relatively
recent origin of the BRCA2�6174delT chromosome
in the Jewish population, and the multiplicity
of breaks in the founder haplotype represents
historical recombination events that flank the
BRCA2�6174delT mutation. The proximity of
breaks flanking BRCA2 could be used to localize
the gene to an approximately 1-Mb critical region.

MAPPING IN THE ‘‘FIELD’’ SET DIMINISHED
POWER DUE TO HETEROGENEITY

In order to evaluate the power of genome-wide
SNP LD mapping in detecting associations in the
BRCA2 region, 8,576 SNPs were analyzed in 19
Jewish breast cancer cases, drawn from breast
cancer kindreds defined by the presence of a male
breast cancer, and in the aforementioned 63
healthy Jewish controls. In this ascertainment, 12
of 19 cases carried the BRCA2�6174delT mutation.
Performing Fisher’s exact test at each individual
SNP locus, we observed a P-value of 4.5� 10�4 at
TSC1378449, and of 1 at TSC599767 (Fig. 3A). This
P-value was considerably less than the value
obtained (P 5 3� 10�7) when the 12 cases who
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Fig. 1. A: Plot of P-values obtained by two-sided Fisher’s exact test comparing genotype frequencies (2� 3) at each of the 8,576 SNP loci

tested in the ‘‘validation’’ set: 27 Ashkenazi Jewish BRCA2�6174delT carriers with breast cancer vs. 63 healthy Ashkenazi Jewish controls.

Along x-axis, loci were arranged by nucleotide number, starting at nucleotide 1 on chromosome 1, and ascending by chromosome number
to the last nucleotide on chromosome 22. P-values were transformed by�log10(P-value) to display scores as peaks. The smallest P-value in

the analysis (P 5 1.7� 10�9) was obtained at TSC1378449 at nucleotide position 31,468,145 on chromosome 13 (human genome database

build 33). Region containing BRCA2 is identified. B: Correction of Benjamini and Hochberg [1995] of P-values obtained by Fisher’s exact
test shown in A. Dashed line represents conventional 0.05 P-value cutoff. C: Plot representing minimum P-values calculated by maximum

likelihood ratio test after estimating frequencies of 8-locus haplotypes by EM algorithm in cases vs. controls. The smallest P-value

(Po10�8) was obtained in BRCA2 region at three consecutive haplotypes TSC208530–TSC1378449, TSC1083028–TSC64502, and

TSC195208–TSC983347, all three of which contain locus TSC1378449 identified by Fisher’s exact test.
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carried the BRCA2�6174delT mutation were
compared to the 63 controls. The P-value at
TSC1378449 was the 12th smallest of the 8,576
P-values determined. The smallest P-value ob-
tained was 5.9� 10�5 at TSC57977 on chromosome
18. None of the P-values obtained in this analysis

were significant after the correction of Benjamini
and Hochberg [1995] was applied (data not
shown).

In the haplotype analysis, the smallest P-values
in the BRCA2 region were associated with the
haplotypes that contained the SNP TSC1378449

Fig. 3. A: Plot of P-values obtained by two-sided Fisher’s exact test comparing genotype frequencies (2� 3) at each of 8,576 SNP loci

tested in ‘‘field’’ set: 19 Ashkenazi Jewish breast cancer cases from male breast cancer families, in comparison to 63 healthy Ashkenazi

Jewish controls. The smallest P-value obtained in analysis (5.9� 10�5) was at TSC57977 on chromosome 18. TSC1378449 in the BRCA2
region obtained P-value of 4.5� 10�4, which was the 12th smallest in analysis. B: Plot representing minimum P-values calculated

by maximum likelihood ratio test after estimating frequencies of 8-locus haplotypes by EM algorithm in 19 cases vs. 63 controls.

The smallest P-value (8.9� 10�6) obtained in analysis was at 8-locus haplotype TSC865709–TSC261312 on chromosome 2. The

second smallest P-value (1.9� 10�5) was obtained at haplotype TSC991493–TSC43705, which contains SNP TSC1378449 and the
BRCA2 locus. The adjacent haplotype proximal to this one TSC815459–TSC905266 recorded 3rd smallest P-value (1.5� 10�4) in the

8-locus haplotype analysis.
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(Fig. 3B). The BRCA2 region had the smallest P-
value in the analysis with window sizes of 3 and 4,
and one of the three smallest P-values with
window sizes of 3–9. In absolute terms, the
minimum P-value for the region containing
TSC1378449 ranged from 0.002 (window size 12)
to 1.9� 10�5 (window size 8). None of the P-
values obtained in the BRCA2 region were
considered significant after adjustment for multi-
ple testing. Only one locus, TSC261313 on chro-
mosome 2, had a significant P-value (5.5� 10�6),
which was observed in the analysis of seven-locus
haplotypes; presumably, it is a false-positive
result. Only two regions had P-values smaller
than the smallest P-value obtained for the BRCA2
region. In summary, these results showed that
introduction of even a modest percentage of
genetic heterogeneity resulted in a large reduction
in power to detect significant associations. How-
ever, because the tests for association of haplo-
types in the BRCA2 region were among the most
significant in the analysis across varying haplo-
type sizes, the results suggest that a strategy to
identify new loci would be to focus on regions in
which small P-values were obtained in multiple
window sizes.

GENOME-WIDE SNP LD MAPPING OF THE
‘‘TEST’’ SET APPROACH TO NOVEL
SUSCEPTIBILITY LOCI

To detect novel susceptibility loci, we analyzed
8,576 SNPs in 57 breast cancer cases drawn from
kindreds, in which four or more persons (inclu-
sive of the proband) had been diagnosed with
breast cancer and in whom mutations in BRCA1
and BRCA2 were not present, and in the 63
healthy controls. We then compiled a table of all
loci that obtained P-values of 10�3 or smaller; 10�3

was chosen as an arbitrary cut-point.
In the single-marker analysis, a total of 8 loci

obtained P-values of 10�3 or smaller, of which 2
were also identified in haplotype analyses. The
smallest P-value obtained was 3.8� 10�4 at
TSC51781 on chromosome 17 (Fig. 4A). None of
the P-values were significant after the correction
of Benjamini and Hochberg [1995] (data not
shown). A P-value of 6� 10�4 was obtained at
the SNP TSC671100 at 26.8 Mbs on chromosome
8p12, which is within a region previously identi-
fied by linkage analysis [Kerangueven et al., 1995;
Seitz et al., 1997].

In haplotype analyses, a total of 92 haplotypes
obtained P-values of 10�3 or smaller. When we

took into account the overlapping haplotypes and
nonoverlapping haplotypes within 2 Mbs of each
other, 39 different regions were identified, but
only 19 regions were identified with small
P-values in two or more haplotype windows.
The two smallest P-values in the entire analysis
(both 7.0� 10�6) were obtained at the 9-locus
haplotype TSC582885–TSC948257 on chromosome
15, and at the 10-locus haplotype TSC181069–
TSC1555460 on chromosome 9 (Fig. 4B). The
chromosome 15 region had small P-values at 13
overlapping haplotypes, the associated haplo-
types spanning a 3.9-Mb region from nucleotides
89.0–92.9 Mbs. This region also recorded the
third (1.5� 10�5) and fourth (2.0� 10�5) smallest
P-values in the analysis, which were the smallest
P-values obtained in the 11- and 7-locus haplotype
analyses, respectively. The chromosome 9 region
had small P-values at 6 overlapping haplotypes,
spanning a 5.6-Mb region from nucleotides
68.2–73.8 Mbs. These P-values were just short
of the significance threshold of 6.0� 10�6 set
by the permutation analysis. None of the indivi-
dual SNPs in the chromosome 15 region or in
the chromosome 9 region obtained a P-value
less than 10�3 in the single-marker analysis;
however, the chromosome 15 region contained
six SNPs close together, with P-values between
0.09 and 0.01 (Table III). None of the SNPs in
the chromosome 9 region obtained a P-value less
than 0.05. None of the regions identified in
the single-marker or haplotype analyses with
P-values less than 10�3 contained loci that failed
the Hardy-Weinberg equilibrium test (data not
shown).

In our previous analysis of the ‘‘field’’ set, we
determined that 4 of the 57 high-risk cases carried
the CHK2 S438F mutation [Shaag et al., 2005].
Although a 9-locus haplotype TSC57163–
TSC242417 on chromosome 22 that is less than
5 Mbs from the CHK2 locus obtained a P-value of
6� 10�4 (data not shown), the associated haplo-
type was not carried by any of the S438F carriers.
An analysis of the haplotypes that contained
CHK2 in the four S438F carriers revealed the
presence of a shared haplotype that was common
among controls.

DISCUSSION

Detecting significant associations in a common
disease such as breast cancer poses significant
challenges to the association design. We demon-
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strated here that genome-wide SNP LD mapping
in high-risk cases from a genetically isolated
population should be useful for the identification
of novel genes, because this study design ensures
that the disease-causing mutation and its sur-
rounding genomic environs are identical by
descent from a common founder. The data

analysis indicated that under certain conditions,
genome-wide SNP LD mapping could be success-
ful in the identification of new genes. However,
our results also strongly emphasized the pitfalls
of the approach, including lower power due to
genetic heterogeneity and the adjustments re-
quired for multiple testing, and problems arising

Fig. 4. A: Plot of P-values obtained by two-sided Fisher’s exact test comparing genotype frequencies (2� 3) at each of 8,487 SNP loci

tested in the ‘‘test’’ set: 57 Ashkenazi Jewish breast cancer cases from families with 4 or more cases of breast cancer, in whom mutation
in BRCA1 and BRCA2 was not present, vs. 63 healthy Ashkenazi Jewish controls. The smallest P-value (3.8� 10�4) was obtained at

TSC51781 on chromosome 17. No P-values were significant after correction for multiple testing. B: Plot representing minimum P-values

calculated by the maximum likelihood ratio test after estimating frequencies of 9-locus haplotypes by EM algorithm in the ‘‘test’’ set.

The two smallest P-values in entire analysis (both 6� 10�6) were obtained at the haplotype TSC582885–TSC948257 on chromosome 15
(peak labeled), and at the 10-locus haplotype TSC181069–TSC1555460 on chromosome 9. Second and fourth smallest P-values obtained

in the analysis of 9-locus haplotypes were obtained at two abutting haplotypes TSC1761488–TSC55652 (P 5 2.5� 10�5) and TSC181009-

TSC601577 (P 5 7.9� 10�5) on chromosome 9 (peak labeled).
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from the frequency of disease alleles in the case
group, which is related to their penetrance, and
the frequency of the haplotypes on which the
disease alleles arose. We discuss each of these
limitations at greater length below.

SNP SELECTION

The markers in the Affymetrix panel were
selected from SNPs previously validated by the
SNP Consortium and for their genome-wide
coverage [Kennedy et al., 2003; Matsuzaki et al.,
2004]. Each SNP had a relatively high hetero-
zygosity (40.25) in three population groups, and
the SNPs were selected without consideration for
proximity to genes. However, the difference
between the mean and median distances between
SNPs indicates that the SNPs were not evenly
spaced. Because the density of SNPs in this panel
was low and uneven, false-negative results could
be obtained if an appropriate SNP or group of
SNPs was not present in the panel. Despite these
problems, in a total of three similarly designed
proof-of-principle experiments performed by our
group (one on Jewish Bloom’s syndrome, one on
Jewish HNPCC [Mitra et al., 2004], and the
present one on Jewish hereditary breast cancer
syndrome), we were able to detect strong associa-
tions between single markers or haplotypes and
the disease genes responsible for these syndromes
using a low-density SNP panel.

The reason we were able to detect associations
in our ‘‘validation’’ set was derived from two
features of the design: 1) a high proportion of
cases carried the disease allele, and 2) specific

low-frequency SNPs were by chance tested in the
large LD blocks that encompassed the disease
alleles. Our data showed that the frequency of
marker alleles in controls that were associated
with the disease-causing mutation was an im-
portant factor in obtaining small P-values. At two
of the SNPs in the BRCA2 region (TSC1378449 and
TSC599767), the BRCA2�6174delT mutation was
found in association with the less frequent allele in
the controls (minor allele frequencies in controls of
0.09 and 0.07, respectively). In single-marker
analysis of BRCA2�6174delT carriers and healthy
controls, P-values of 1.7� 10�9 and 5.3� 10�5

were obtained at TSC1378449 and TSC599767,
respectively. TSC1378449 is 822 kb distal to
BRCA2, and it was present on 25 of 27 BRCA2�
6174delT chromosomes examined. The presence of
this SNP in the panel was essential for obtaining
small P-values in the BRCA2 region in the ‘‘field’’
sets. The P-value obtained at TSC1378449 by
Fisher’s exact test in the subset of 12 BRCA2�
6174delT carriers in the ‘‘field’’ set was 1�10�7,
which was less than the P-value obtained in the
analysis of 27 carriers in the ‘‘validation’’ set on
account of the reduction in the sample size of
cases, but it was much greater than the P-value
(4.5� 10�4) obtained for the analysis of the
complete ‘‘field’’ set, demonstrating the effects
on power of sample size reduction and genetic
heterogeneity. TSC599767 is 1.75 Mb proximal to
BRCA2 and was present on only 13 of the 27
BRCA2�6174delT chromosomes examined, which
explains its diminished strength to detect associa-
tion in the ‘‘field’’ set.

The analysis of the CHK2 region in the ‘‘test’’ set
revealed a pitfall that may be encountered in
genome-wide SNP LD mapping in the setting of
association studies of genetic isolates. Four cases
(7%) in the ‘‘test’’ set carried the S438F allele,
compared to the �1% population frequency in
Ashkenazi Jews or the �2% frequency in con-
secutive breast cancer cases [Shaag et al., 2005 and
unpublished observations]. Although the density
of SNPs in the CHK2 region was close to the mean
for the entire collection, the SNPs used did not
provide sufficient power to discriminate the
S438F allele from the common haplotype on which
the mutation arose. A larger sample size of
similarly selected cases and additional SNPs in
the region would have been needed to identify an
association between Ashkenazi Jewish breast
cancer and the CHK2 S438F allele.

Because the possibility of detecting association
depends on observing a frequency difference

TABLE III. P-values obtained by two-sided Fisher’s
exact test in chromosome 15 regiona

TSC identification Nucleotide P-value

42322 88988579 0.46
1216920 89002256 0.85
582885 89017827 0.092
582887 89047985 0.043
545438 89176825 0.082
545439 89177135 0.043
1587048 89669783 0.67
52189 90202548 0.92
548898 90312845 0.012
55180 91110486 0.84
948257 91111128 0.56
934302 91506180 0.31
57131 92243342 0.23
57054 92878211 0.031

aTSC, the SNP Consortium.
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between cases and controls, a low-frequency allele
in complete LD with a disease-causing mutation
has the most power for gene discovery. Thus, the
presence of low-frequency alleles in the SNP panel
could be important for gene discovery, especially
if the cancer susceptibility alleles, like CHK2
S438F, are present at low frequencies. Using SNP
panels with greater numbers of SNPs will increase
the likelihood that such associated SNPs are
present in the panel. It was estimated that over
500,000 SNPs genome-wide will be required to
efficiently map low-penetrance disease alleles.
However, it is currently not known which are
the best SNPs to include in such a panel, and the
penalty for using more SNPs is a larger adjust-
ment of P-values to compensate for multiple
testing. Because testing more SNPs decreases the
power of the study design, it is all the more
important to select high-risk cases so that the
highest proportion of cases possible carry the
disease alleles being sought.

P-VALUE CUTOFFS AND REPLICATION

Several weaknesses were inherent in the design
of our study. These weaknesses were: 1) cases
were taken from two different geographic locales,
but matched controls were not included from one
of these locales; 2) the controls used were not
properly matched to cases by the standard
epidemiologic criteria (some controls were male;
some were from Israel); 3) the SNP panel did not
provide even coverage of the entire genome, and
was not informative of all variation in the human
genome; and 4) the study was underpowered to
detect disease-causing alleles in BRCA2 or other
genes. Our study design had these weaknesses
primarily because genome-wide genotyping is
expensive, which limited both the number of
cases and number of properly matched controls
we were able to genotype. Nonetheless, in the
analysis of the ‘‘test’’ data set, P-values close to the
significance threshold obtained after correction for
multiple testing were achieved in two regions of
the genome: one on chromosome 15, and another
on chromosome 9. A third region was identified in
the haplotype analysis that was identified pre-
viously by linkage analysis [Kerangueven et al.,
1995; Seitz et al., 1997]. To determine whether
these potential associations can be replicated,
haplotype-tagging SNPs from the three candidates
regions should be genotyped in the ‘‘test’’ set, and
thereafter the most informative SNPs should be

tested in an independently ascertained series of
breast cancer cases and controls.

In the haplotype analysis, when multiple testing
was taken into account, P-values less than 6� 10�6

were considered statistically significant. Possible
false-positive results were suggested by the results
of the haplotype analysis of the ‘‘field’’ set, in
which a P-value of 5� 10�6 was obtained at
TSC261313 on chromosome 2. Formally, such
results could have been caused by real associa-
tions, such as with modifier genes. However, with
a similar analytical strategy using samples from
Ashkenazi Jewish colon cancer families, we also
obtained several significant associations outside
of the MSH2 region [Mitra et al., 2004] that
contains a founder mutation in Ashkenazi Jews
[Foulkes et al., 2002]. Consequently, even after
adjustments are made for multiple testing, regions
could be identified with putatively significant P-
values that are false positives. The best way to
counter this problem is to increase the sample size,
which would reduce the chances of finding false
positives and increase the power of the analysis
(the chances of detecting real positives with
significant P-values).

In comparison to conventional linkage ap-
proaches, the association design tested had com-
parable power for gene localization. With respect
to identification of the minimum regions that
contain these genes, the association method
defined a smaller critical region relative to the
numbers of cases studied. With additional SNP
genotyping, a minimum region of LD flanking the
BRCA2�6174delT mutation of BRCA2 could be as
small as 1 Mb or smaller, whereas an analysis of
many meioses would be required in linkage
analysis to obtain a similarly small critical region.
Moreover, because this SNP LD mapping method
required only a single case per kindred, it is easier
to collect samples for analysis, making it better
suited than linkage for diseases in which family
material is difficult to collect (e.g., in late-onset
and potentially lethal disorders such as cancer).

While genome-wide SNP LD mapping presents
opportunities for the identification of new cancer
susceptibility alleles, significant challenges remain
regarding the optimal density and distribution of
SNPs and the optimal size and type of study
design. The results of the current analysis suggest
both the pitfalls and promises of this approach to
mapping breast cancer susceptibility genes. Based
on our findings, we suggest that the keys to
success in future studies are 1) selection of a large
number of high-risk cases, defined by family
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history or multiple cancer phenotype, thus enrich-
ing for cancer susceptibility alleles; 2) selection of
cases from a genetically isolated population to
reduce allelic heterogeneity and to increase LD
block size; 3) selection of SNPs that appropriately
sample variation across the genome, possibly with
an emphasis on rare haplotypes; 4) application
of appropriate corrections for multiple testing to
control for false positives; and 5) validation of
potential associations in the ‘‘enriched’’ case series
by testing an independently ascertained series of
unselected breast cancer cases. However, even with
this two-stage strategy, thousands of unselected
cases would be required to confirm associations
[Houlston and Peto, 2003]. Such large-scale two-
stage studies to localize breast cancer susceptibility
loci by SNP LD mapping are underway in the US
and UK. Taking each of the above-mentioned five
considerations into account in these studies will
be necessary to provide the greatest chance of
identifying both intermediate- and low-penetrance
breast cancer susceptibility alleles.
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